The monopile foundation of an offshore wind turbine will unavoidably suffer from long-term cyclic loading during its lifetime, due to impacts from waves and wind. In this paper, a series of tests on a rigid model monopile, subjected to lateral cyclic loading, were carried out in Qiantang River silt to investigate the pile-soil interaction mechanism and accumulated deformation. The tests revealed that the accumulated displacement is closely related to the cyclic load ratio but has no obvious relationship with the relative density of the soil. In contrast, the unloading stiffness is independent of the cyclic ratio but is related to the relative density of the soil. The soil around the rigid monopile under cyclic loading undergoes a shearing stage during the first ten cycles, followed by the densification stage. The shearing stage dominates the cyclic responses of the rigid monopile, within which the total displacement in each cycle reduced obviously; the proportion of the elastic displacement to the total displacement for each cycle increases from ~0.5 to 0.95, and the soil pressures degrade to a large extent. Abstract: The monopile foundation of an offshore wind turbine will unavoidably 23 suffer from long-term cyclic loading during its lifetime, due to impacts from waves 24 and wind. In this paper, a series of tests on a rigid model monopile, subjected to 25 lateral cyclic loading, were carried out in Qiantang River silt to investigate the 26 pile-soil interaction mechanism and accumulated deformation. The tests revealed that 27 the accumulated displacement was closely related to the cyclic load ratio but has no 28 obvious relationship with the relative density of soil. In contrast, the unloading 29 stiffness is independent of the cyclic ratio but the relative density of soil. 30
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The soil around the rigid monopile under cyclic loading undergoes a shearing 31 stage during the first 10 cycles, followed by densification. The shearing stage 32
Introduction 39
Currently, monopiles with a diameter of 3-8 m are widely used in European and 40
Chinese offshore wind farms due to their relatively easier installation and lower cost. 41
The monopile foundations of offshore wind turbines are generally short and rigid and 42 are becoming an ideal type of foundation for offshore wind turbines located on a 43 seabed with silt or silty sand, which is the case across much of the coastal regions of 44
China. 45
During its lifetime, the monopile foundation of an offshore wind turbine is 46 unavoidably subject to long-term cyclic loads, originating from waves and wind. This 47 leads to accumulated rotation and changes in the stiffness of the monopile and 48 seriously impacts the normal operation of the offshore wind turbine. Therefore, it is 49 important to predict the deformation behaviours of the monopile under such 50 conditions. Numerical analysis and model or field tests are generally the two most 51 favourable ways used to solve the problem. Lesny & Hinz (2007) and Achmus et al. 52 (2009) proposed new approaches to calculate the long-term cyclic behaviours of the 53 monopile in sand while also considering the cyclic responses of the soil. They also 54 combined triaxial test results of the soil with numerical calculations. These numerical 55 analyses still need further verification using model or field tests. 56
At present, it is both challenging and uneconomical to carry out full-scale model 57 tests or field tests on a monopile with a large diameter, thus model tests are commonly 58 used. Le Blanc et al. (2010) conducted a series of model tests at 1 g on a model3 monopile subjected to cyclic loading in sand with two different relative densities of 60 4% and 38%. In this study, approaches to predict the lateral accumulated rotation 61 under long-term cyclic loading and the changes in unloading stiffness of a monopile 62 foundation were presented for the first time. Roesen et al. (2011) carried out a series 63 of one-way cyclic loading tests on a pile embedded in saturated sand with a relative 64 density of 78% to 87%. They concluded that the accumulated rotation of the pile 65 would stabilise after approximately 15,000 load cycles. Peng et al. (2006) and Peralta 66 & Achmus (2010) also conducted studies on the cyclic response of a monopile placed 67 in sand. In these experimental studies, test data were fitted to obtain the development 68 of pile displacement and unloading stiffness; which unfortunately are unable to fully 69 explain the mechanisms behind the accumulated deformation of a monopile. It is 70 worthwhile to mention that Cuéllar et al. (2009 Cuéllar et al. ( , 2012 carried out a series of 71 enlightening model tests to observe the behaviours of sand particles around a pile 72 subjected to long-term lateral cyclic loading by staining part of sand particles. The 73 study provides a detailed process of sand densification and convective cell flow of 74 sand grains during cyclic loading, as well as the characteristics and mechanisms 75 behind the pile foundation's accumulative deformation under long-term cyclic 76
loading. 77
Most of these studies have focused on the deformation behaviours of a pile 78 subjected to cyclic loading (including calculation formula). The pile-soil interaction 79
has not received adequate attention, but it is important and merits further study. In this4 paper, responses of a rigid monopile under long-term cyclic loading are determined 81 experimentally, with a particular focus on the characteristics of pile-soil interaction 82 and the mechanisms of accumulated deformation. Model tests were developed and 83 conducted at 1 g on a model monopile subjected to lateral cyclic loading in Qiantang 84
River silt with two different relative densities of 88% and 70%. 85
Test program 86

Test soil and preparation 87
The model tests on the monopile were carried out in a barrel-shaped soil tank, 88 3.70 m in diameter and 1.70 m in depth, located at Zhejiang University. The 89 schematic setup of current model tests is shown in Fig. 1 . 90
The soil (referred to as Qiantang River Silt in this paper) used in the model tests 91 was taken from an excavation pit near the Qiantang River in the city of Hangzhou. It 92 consisted of 12% sand, 80% silt and less than 5% clay particles (Jia et al. 2009 Table 2 for a D r of 70% and 88%. 104
Once the filling process was complete, a suspended water tank was connected to 105 the pipe network set at the bottom of soil tank. The water head difference allows the 106 water ‗flow' into the soil tank. The soil was subjected to saturation for ~ 15 days until 107 it reaches 95% degree of saturation, which was measured using time domain 108 reflectometry (TDR) technology (Chen et al., 2009 of 0.2%~0.5%) and one pore water pressure sensor (PWP) (GE Druck PDCR81, with 124 measurement range of 0-100 kPa to an accuracy of 0.2%). The TPT had a sensing face 125 of 0.03 m in diameter. All sensors were embedded using a specially designed 126 mounting block so they were flush with the pile wall surface (see Fig. 3 ). Each TPT 127
and PWP was glued into a titanium case and placed in an acetyl copolymer mounting 128 block (Bond et al., 1991) . To install the TPT or PWP, a hole was created at the 129 intended position on the model pile and then the base was welded together with the 130 pile. Next, boltholes were created on the base to install the sensors. The surfaces of 131 the sensors were carefully installed so they were flush with the surface of the pile wall 132 and the presence of the sensors would not affect the pile-soil interaction during 133 loading. Finally, sensor wires were directed from the inside of the closed model pile to 134 the outside. The model pile was jacked into the soil (via a long-range hydraulic jack) 135 at a rate of 0.01 m/min. After installation, a 24-hour pause was needed before 136 applying any loads so as to reduce the impact of pile driving on the bearing capacity 137
and deformation of the model pile. After finishing a test, the pile was extracted, 138
replaced with an un-instrumented 'dummy' pile and the instrumented pile was 139 re-installed at a new location (with a distance larger than 7D to minimise the impact 140 among the tested positions) for the next test. 141 142 2.3 Cyclic loading device7 successfully used in previous studies to apply cyclic loads to a model pile (Le Blanc 145 et al., 2010) and a model caisson foundation (Zhu et al., 2013) . In this paper, an 146 improved loading device is presented, as shown in Fig. 4 . It consists of a supporting 147 base, a lever and a balance beam with a driving motor fixed to it. The major 148 components and features are as follows: First, the loading device is a separate part 149 that can be placed at random. Second, a blade on the balance beam is placed in a 150 blade slot, which is attached to the supporting base (see Fig. 4a ). The blade and the 151 blade slot make up a specific pivot, which greatly reduces the friction between the 152 balance beam and the supporting base, and also makes the balance beam very 153 sensitive to an unbalanced force. Third, a moveable turning wheel is used to adjust 154 length of the wire rope and ensures the balance beam stays horizontal even when there 155 is accumulated rotation of the foundation. This way, the magnitude of the cyclic load 156 remains stable. 157
A motor with a rotational frequency of 0.067 Hz is fixed to the end of the 158 balance beam. The lever (with a length of l a and a mass of m) is driven by the motor, 159 which causes the mass M 1 (with a quality of m 1 ) to move in a uniform circular motion. 160
As a result, the moment at the pivot (caused by M 1 ) changes periodically, and 161 generates a sinusoidal force F. The loading device provides stable and long-term 162 sinusoidal cyclic loading. Assembling different combinations of m 1 , m 0 and l (see Fig.  163 4) allows different magnitudes of cyclic loads (up to 700 N) to be applied. 
Accumulated rotation 218
The residual accumulated rotation is investigated. This is different from the 219 In which A is a constant. As shown in Fig. 9 , A is closely related to the cyclic load 227 ratio ζ b and seems to have no obvious relationship with the relative density of the soil. 228
Displacement of model pile in each cycle
The total displacement (d Np +d Ne ) of the model pile at the loading point in each 230 cycle of Tests 1-6 is plotted against the number of cycles in Fig. 10 . The total 231 displacement (d Np +d Ne ) reduces by more than 50% over the first 10 cycles. 232
Subsequently, it reduces slowly and tends to stabilise. The lateral deformation of the 233 monopile is dominated by the first 10 cycles. 234 Figure 11 shows the proportion ratio of the elastic displacement to the total 235 in which L is penetration depth of pile, D is pile diameter, p a is the atmospheric 248 pressure, and   is effective unit weight. The non-dimensional unloading stiffness
249
( N k ) of Tests 1-6 was obtained and is plotted in Fig. 12 , as a function of log(N). It 250 reduces in the first 10 cycles, and increases subsequently with the number of cycles. 251
For instance, the increase is 20% to 30% after 5000 cycles. The non-dimensional 252 unloading stiffness ( N k ) of the model piles after N cycles can be approximated by 253 10 log( 10)+ ( >10)
where 10 k is the non-dimensional unloading stiffness after 10 cycles of loading. As a 255 result of the decline in unloading stiffness during the first 10 cycles being less than 256 5%, the value of 10 k can be simplified and approximated as 1 k . The constant B was 257 obtained by best fit of the non-dimensional unloading stiffness in Tests 1-6, and is 258 shown in Fig. 13 . The constant B has the same meaning of dimensionless constant A k 259 et al. 2010) . However, the following differences are 260 noted: (1) the current B (= 12.5) is 30% higher than A k = 8.02; (2) A k is independent of 261 both relative density and load characteristics, but the B is closely related to the soil 262 relative density and has no obvious relationship with the cyclic ratio ζ b (see Fig. 13 ) 263
Vertical displacement of the soil surface in front of the pile 264
The vertically placed LVDT, located 0.05 m in front of the model pile, detected 265 the soil vertical displacement during the cyclic loading for Tests 4-6, as shown in Fig.  266 14. There is an uplift of the soil during the first dozens of cycles, indicating that the 267 soil shearing deformation could contain soil dilatancy. Subsequently, the soil in front 268 of the pile tended to subside, or reduce in volume, which renders increase in 269 unloading stiffness (soil densification), as shown in Fig. 12 . 270 4 Pile-soil interaction of the rigid model pile 272
On-pile pressures 273
On-pile soil pressures of the model test are measured by the eight TPTs during 274 cyclic loading. In Test 1, for example, the soil pressures in each cycle are plotted in 275 Fig. 15 for increasing number of cycles. As with the total displacement and unloading 276 stiffness, the soil pressures reduce largely in the first 10 cycles. 277
The model pile rotates rigidly about a centre with zero displacement. The soil 278 above the centre is subjected to passive resistance and below to active resistance. 279 undergoes densification phase and the convection-dominated phase during long-term 297 cyclic loading. In the densification phase, grain rearrangement and reduction of 298 inter-granular voids takes place and is characterised by a progressive subsidence of 299 the soil surface surrounding the pile. Once the soil subsides to a rather constant depth, 300 the second phase starts. 301
The surrounding soil in the current tests exhibits shearing deformation in the first 302 10 cycles and densification in the subsequent cycles. The associated pile response has 303 been discussed before, as highlighted herein. During the shearing deformation, (1) the 304 plastic displacement d p of the soil accounts for a large proportion of the total 305 displacement in a given cycle (see Fig. 11 ); (2) The unloading stiffness of the pile 306 decreases (see Fig. 12 ). (3) The soil dilatancy (associated an increase in the soil 307 volume) occurs, which, together with the lateral movement, may cause the uplift of 308 the soil surface in front of the pile (see Fig. 14) . As for the densification stage, a 309 reduction of inter-granular voids seems to have occurred, as the elastic displacement 310 d e of the soil also accounts for a large proportion of the total displacement in a cycle 311 (see Fig. 11 ), and the unloading stiffness increases (see Fig. 12 ). 312
Limitations
314
This paper has made a preliminary evaluation of pile-soil interaction mechanisms 315 and accumulated deformation for a rigid model monopile under lateral cyclic loading 316 in Qiantang River silt. There are a few limitations to this study. The model tests were 317 conducted at 1 g condition and based on the dimensionless equations for scaling of 318 laboratory tests. These dimensionless equations in turn were based on the ultimate 319 limit state of the sand. Their applicability to soil at an elastic-plastic state is uncertain. 320
The cohesionless soil exhibits dilatancy at low stress levels (e.g. in laboratory tests at 321 1 g) (Guo and Qin, 2010), which may not occur in the field. As a result, the 322 cohesionless soil in model tests may be associated with a higher peak friction angle 323 than the soil with the same relative density present in the field (Le Blanc et al., 2010) . 324 325
Conclusions
326
In this paper, six model tests were carried out on an instrumented rigid model 327 pile in Qiantang River silt that was subjected to lateral cyclic loading with different 328 cyclic ratios for 5000-10000 cycles. The main conclusions drawn are as follows: 329
(1) The accumulated displacement is closely related to the cyclic load ratio and 330 has no obvious relationship with soil density. In contrast, the unloading stiffness is 331 independent of the cyclic ratio but is related to the relative density of the soil. The 332 peak and residual accumulated displacements increase linearly with the logarithm of 333 the number of cycles. 334
(2) The rotational centre of the rigid model pile is at approximately 0.8 times of 335 the pile embedment during cyclic loading. 336 (3) There was generally a slight degradation of the peak value of on-pile soil 337 pressure in the first 10 cycles, which tends to be invariable afterwards. 338 
